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Abstract 
We predict that ferroelectric phase can be induced by the strong intrinsic surface stress 
inevitably present under the curved surface in the high aspect ratio cylindrical nanoparticles of 
nonferroelectric binary oxides (BaO, EuO, MgO, etc).  
We calculated the sizes and temperature range of the ferroelectric phase in BaO nanowires. The 
analytical calculations were performed within Landau-Ginzburg-Devonshire theory with 
phenomenological parameters extracted from the first principle calculations [E. Bousquet et al, Strain-
induced ferroelectricity in simple rocksalt binary oxides. arXiv:0906.4235v1] and tabulated 
experimental data. In accordance with our calculations BaO nanowires of radius ~(1−10) nm can be 
ferroelectric at room temperature (with spontaneous polarization values up to 0.5 C/m2) for the typical 
surface stress coefficients ~ (10−50) N/m. 
 We hope that our prediction can stimulate both experimental studies of rocksalt binary oxides 
nanoparticles polar properties as well as the first principle calculations of their spontaneous dipole 
moment induced by the intrinsic stress under the curved surface. 
 
Keywords: BaO nanowires, phase transitions induced by surface and size effects  
 
I. Introduction 
The substantial progress takes place in the last years in synthesis of various ferroics 
nanosystems [1], like ferroelectric thin films [2, 3], spherical nanoparticles with controllable sizes [4], 
nanotube-patterned films [5], aligned arrays of tubes [6, 7, 8, 9], wires [10] and rods with enhanced 
polar properties [11, 12]. These facts determine the interest to the nanosystems theoretical description. 
Then possibility to induce and govern the phase transitions in ferroic nanostructures due to the size and 
strain effects has been studied theoretically both from the first-principle microscopic theories [13, 14, 
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15] and Landau-Ginzburg-Devonshire (LGD) phenomenology for thin films [16, 17, 18, 19], 
nanospheres [20, 21], nanorods [22, 23, 24], nanowires [25] and nanotubes [26, 27].  
In particular enhanced ferroelectricity was observed in [11] and was shown to originate from 
surface tension phenomena [22] and appearance of ferroelectricity was predicted in thin strained films 
of incipient ferroelectrics KTaO3 [28], as well as in epitaxially strained layers and superlattices of 
simple binary oxides BaO and EuO [29]. These intriguing predictions of new phenomena absent in 
bulk materials are waiting for experimental justification and would have numerous new applications. 
However, it may happen that predicted strain-induced ferroelectricity would be hindered in 
many experimental cases for the BaO and especially EuO thin films on realistic substrates, since the 
epitaxial misfit strains more than 3-5 % are necessary for the ferroelectricity appearance in accordance 
with predictions [29]. Such giant strains should either exponentially relax via dislocations appearance 
[30], or the growth of continuous films surface appeared hardly possible, instead the incoherent growth 
of islands take place for high misfit strains more than 3-5 % [31]. Actually, it is well-known 
experimental fact that misfit dislocations originate in epitaxial films when their thickness is more than 
the critical thickness hd of dislocations appearance. The thickness hd strongly decreases with misfit 
strain um increase. In accordance with the simplest but adequate models hd ~ 1/um in the wide range of 
um, and typically the critical thickness hd appeared not more than several lattice constants for misfit 
strains more than 3-5 % (see e.g. see Fig. 2b and estimations in Ref. [30]).  
In any case the phase transitions considered in Refs. [28, 29, 32] belong to the group of the 
transitions induced by external forces, namely by the misfit strain between a film and substrate in the 
cases [28, 29] or dipole impurities in the incipient ferroelectrics [32]. It is obvious, that in the 
freestanding films or without impurities in the incipient ferroelectrics the ferroelectric phase should be 
eliminated contrary to conventional spontaneous polarization. 
On the other hand the spatial confinement, as the characteristic feature that cannot be 
eliminated, leads to the strong enhancement of ferroelectric properties up to the critical size 
disappearance (as observed earlier in Rochelle salt nanorods [11, 12], predicted by first principles 
calculations [14] and phenomenological theory [22, 25]). Thus it is reasonable to suppose, that the 
size-induced ferroelectricity could be observed experimentally in BaO or EuO nanoparticles 
(nanowires, nanotubes or nanospheres) allowing for the intrinsic surface stress (“surface tension”) that 
spontaneously exists under the curved surface. The stress σ strongly increases as 1/R with the particle 
radius R decrease. Meanwhile to the best of our knowledge there are no published experimental data 
about misfit dislocations appearance in nanoparticles of radius 1-10 nm and so the effect cannot be 
decreased or even destroyed by them.  
Let us considered schematically the physical picture of spontaneous polarization appearance in 
the nanoparticles of nonferroelectric binary oxides. The possible atomic structure of the MO wire 
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cross-section is shown in Figs. 1a. It is seen from the figure that the surface stress leads to the strains 
and corresponding bond length contraction in radial direction ρ and its elongation along the wire axes 
z. The surface stress-induced effect facilitates out-of plane displacement of the light O-2 anions and 
thus can cause the spontaneous coherent symmetry breaking. As a result, the macroscopic dipole 
moment can appear in the longitudinal direction z (see Figs. 1b). Similar mechanism was proposed by 
us earlier [22] to explain the ferroelectric transition temperature increase in Rochelle salt nanorods [11, 
12].  
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Fig. 1. Possible atomic structure of the MO wire: cross-section (a) and vertical section (b). Metal M is 
for Ba, Zn, Mg, Eu, etc. 
 
In phenomenological approach used in this paper, the strains induced by the surface stress lead 
to the spontaneous polarization appearance via electrostriction, since the tetragonal symmetry 
distortions of unit cells facilitate polar ordering in non-ferroelectric media (see details in Ref. [22, 25]). 
To be sure that the spontaneous polarization and ferroelectric transition temperature can be high 
enough for observation at some reasonable values of nanoparticles radii it is necessary to calculate 
their values with the help of LGD theory with the help phenomenological parameters calculated for the 
bulk nonferroelectric system. It appeared possible to determine these parameterss for BaO only. 
Because of this below we calculate the sizes and temperature range of the ferroelectric phase induced 
in BaO nanowires by the surface curvature and size effects. Calculations are performed within LGD 
theory with phenomenological parameters extracted from the first principle calculations [29] for and 
tabulated experimental data. 
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II. Basic equations 
For correct phenomenological description of any nanosized system the surface energy should 
be considered, at that its contribution increases with the system size decrease [16-25]. Including the 
surface energy term, LGD free energy F depends on the spontaneous polarization component P3 and 
mechanical strains uij as [17-18, 25]: 
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The surface energy coefficient Sα  is regarded positive, isotropic and weekly temperature dependent, 
thus higher terms can be neglected in the surface energy expansion. Integration is performed over the 
system surface S and volume V correspondingly. Sijµ  is the intrinsic surface stress tensor. The intrinsic 
surface stress exists under the curved surface of solid body and determines the excess pressure on the 
surface [33]. 
Expansion coefficient γ > 0 and the gradient term g > 0. Coefficient ( )*)( cT TTT −α=α , where 
T is the absolute temperature. Value *cT  is positive Curie temperature for conventional ferroelectric 
bulk material with perovskite structure, while it is negative characteristic constant determined from the 
critical strain value at zero temperature for considered nonferroelectric BaO oxide layers with cubic 
but nonperovskite structure.  
Stiffness tensor is cijkl; qijkl stands for electrostriction stress tensor. Ee is the external electric 
field. Considering long cylindrical nanoparticles with spontaneous polarization directed along the 
cylinder axes one could neglect the depolarization field Ed. At the same time the strong depolarization 
field existed in the spherical nanoparticles [21, 25]. 
For cubic symmetry nonzero components of the strain tensor inside cylindrical wire of the 
radius R have the following form [25]: radial strain ( )( ) 231212112211 PQRssuuu +µ+−===ρρ  and 
longitudinal strain ( ) 23111233 PQRsu +µ−= , where Qij are the components of electrostriction strain 
tensor, sij are the elastic compliances, in the isotropic approximation µ=µ Sii . Note that the radial strain 
uρρ is negative, while the longitudinal strain u33 is positive at P3 = 0, since (s11 + s12) > 0 and s12 < 0. 
Thus the surface stress induces the bond lengths contraction in radial directions {x, y} and their 
elongation in z direction. Corresponding tetragonality of the unit cell acquires the form:  
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Using the expressions for strains and direct variational method, the transition temperature into 
the ferroelectric phase and the spontaneous polarization ( )RP3  averaged over the wire radius R was 
derived similarly to [25] as: 
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The constant k0 = 2.408… is the minimal root of Bessel function J0(k), Sg α=λ  is the so-called 
extrapolation length that depends on the surface energy contribution into the free energy.  
The first negative size-independent term in Eq.(3) is determined from the critical strain value at 
zero temperature for nonferroelectric BaO oxide layers with flat surface, the second one is the 
contribution of intrinsic surface stress ~ Rµ , the third negative term ~g originated from correlation 
effects. The third term decreases the possible transition temperature Tcr at positive λ, while the second 
term increases Tcr under the condition 012 <µQ . By changing the wire radius one can tune the 
transition temperature and polarization value in the wide range. 
LGD free energy expansion coefficients for BaO bulk material were extracted from the results 
of the first principle calculation [29] and experimental data [34] as described in Appendix. The surface 
tension coefficient µ varies in the typical range of 5−50 N/m [35] depending on the nanowire ambient 
(template material, gel or gas). All parameters are listed in the Tab.1. 
 
Table 1. LGD free energy expansion coefficients for BaO bulk material. 
αT, 
m/(F K) 
β, 
m5/(C2F) 
γ, 
m9/(C4F) 
Tc*,  
K 
Q11, 
m4/C2 
Q12, 
m4/C2 
s11,  
m2/N 
s12,  
m2/N 
6.4⋅106 1.0⋅109 4.4⋅1011 -226 0.50±0.05 -0.22±0.3 10.23⋅10−12 −2.91⋅10−12 
 
Since Q12 appeared negative, the surface curvature can induce ferroelectricity in BaO 
nanowires. The phase diagrams of BaO wires in coordinates temperature-radius, temperature-surface 
stress coefficient and contour maps in coordinates surface stress coefficient-radius are shown in 
Figs. 2. The dependence of the spontaneous polarization of BaO nanowires on temperature, radius and 
its contour maps in coordinates surface stress coefficient-radius are shown in Figs. 3. The figures were 
calculated from Eqs. (2-4), with the parameters from Tab. 1 and the gradient coefficient 
g = 2⋅10−9 m3/F. Plots (a-c) in Figs. 2-3 correspond to λ >> R, plots (d-f) correspond to λ = 0. 
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It is clear from the Figs. 2-3 that BaO nanowires of radius ~(1−10) nm can be ferroelectric at 
room and even at higher temperatures (with spontaneous polarization values up to 0.5 C/m2) for the 
surface stress coefficient µ ~ (10−50) N/m.  
As anticipated from Eqs.(3-4), the limiting case λ >> R is much more preferable for the 
ferroelectricity appearance, so as it corresponds to higher transition temperature and spontaneous 
polarization values. Let us underline that the dependence of the transition temperature Tcr on the wire 
radius R is monotonic for the case λ >> R: Tcr decreases with R increase (Figs. 2a). Actually, for the 
case ( )
R
QTRT
T
ccr α
µ−≈ 412*  and so the critical radius of the ferroelectricity appearance is 
( ) ( )TTQTR cTcr −α
µ≈ * 124  at a given temperature T. For the limiting case the influence of the correlation 
effects are negligibly small in comparison with the surface stress contribution. For the case λ >> R 
corresponding spontaneous polarization monotonically decreases with the wire radius increase and 
disappears at R = Rcr(0) (see Fig. 3b). 
In the opposite limiting case λ = 0 the region of the ferroelectricity appearance is the smaler 
(compare Figs. 2a and d). For the case λ = 0 the dependence of the transition temperature Tcr on the 
wire radius R is not monotonic: ferroelectricity appeared at zero Kelvins at the radius Rmin, then the 
transition temperature increases for the radius Rmin < R < Ropt and decreases up to zero at radiuses 
Ropt < R < Rmax, where *
2
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gkRopt µ−= . The maximal temperature at which ferroelectricity can be observed is 
( ) 2
0
2
12
2
* 4
gk
QTRT
T
coptcr α
µ+= . The optimal radius Ropt decreases and ( )optcr RT  increases with the surface 
stress coefficient µ increase as anticipated. For the case λ = 0 the spontaneous polarization is not 
monotonic: P3 appeared at some radius Rmin(T), then increases for the radius Rmin(T) < R < Ropt(T) and 
further decreases up to zero at radiuses Ropt(T) < R < Rmax(T) (see Fig. 3e). 
At fixed radius R the transition temperature (3) linearly increases with the surface stress 
coefficient µ increase (see curves in Figs. 2b,e). The spontaneous polarization (4) also increases with 
the surface tension coefficient increase (compare different curves in Figs. 3b,e). 
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Fig. 2. Phase diagrams of BaO nanowires in coordinates temperature-radius (a,d), temperature-surface 
stress coefficient (b,e) and contour maps (c,f) in coordinates surface stress coefficient-radius. Figures 
near the contours (c,f) are Tcr values in K. Plots (a-c) correspond to λ >> R, plots (d-f) correspond to 
λ = 0. 
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Fig. 3. Spontaneous polarization of BaO nanowires vs. temperature (a,d), radius (b,e) and contour 
maps (c,f) in coordinates surface stress coefficient-radius at T = 300 K. Figures near the contours (c,f) 
are P3 values in C/cm2. Plots (a-c) correspond to λ >> R, plots (d-f) correspond to λ = 0. 
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Contour maps shown in Figs. 2c,f and 3c,f allows one to optimize parameters and thus choose 
appropriate experimental conditions (wire radius, temperature interval and surface stress value) for the 
ferroelectricity observation in BaO nanowires. 
Note, that similar calculations performed for the spherical BaO nanoparticles had shown that 
ferroelectricity in them could be hardly expected because of the uniform compressive strains 
( )( )Rssuuu µ+−=== 1211332211 2  created by the surface stress and pretty strong depolarization field. 
 
Summary 
We predict that ferroelectric phase can be induced by the strong intrinsic surface stress 
inevitably present under the curved surface and size effects in the high aspect ratio cylindrical 
nanoparticles of nonferroelectric binary oxides (BaO, EuO, MgO, etc).  
Within the framework of LGD theory and using phenomenological parameters extracted from 
the first principle calculations [29] and tabulated experimental data we calculated the sizes and 
temperature range of the ferroelectric phase in BaO nanowires. In accordance with our calculations the 
nanowires of radius ~(1−10) nm can be ferroelectric (with spontaneous polarization values up to 
0.5 C/m2) at room and even higher temperatures for the typical surface stress coefficients 
~ (10−50) N/m. 
 We hope that our prediction can stimulate both experimental studies of BaO nanoparticles polar 
properties as well as the first principle calculations. 
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Appendix.  
Calculations of the BaO material parameters 
BaO data from Ref. [34]: lattice constant: 0.5536 nm; linear thermal expansion coefficient: 13*10-6 
K−1; elastic stiffness components: c11=126.1, c12=50.0, c44=33.7 (GPa). Then one could recalculate 
elastic compliance components via the relation 1ˆˆ −= cs  as s11=10.23, s12= − 2.91, s44=29.67 (10-12 Pa-1). 
Fitting with phenomenological theory the dielectric permittivity ε33 component and 
spontaneous polarization dependence on misfit strain um obtained by ab-initio calculations [29] for 
tetragonal phase one could estimate most of the necessary parameters. Below we assumed that DFT 
calculations [29] were performed at T = 0. 
1) Using the relationship for paraelectric phase ( ) ( ) ( )( )121112*0133 41 ssQuTT mcT +−−αε=−ε − , 
electrostriction constant could be estimated as 22.012 −≈Q  m4/C2. 
2) Using the permittivity ε33 value 78 for zero misfit strain and zero temperature (from ab-initio 
calculations [29]) and value ε33=34 at room temperature (from experiment data reviewed in Ref. [13]), 
one could get the following estimations: 6104.6 ×≈αT  K-1 and Tc≈−226 K 
3) Fitting the misfit dependence for ferroelectric tetragonal phase, one could estimate nonlinear 
coefficients as 910~β , 11104.4 ×=γ  SI units. 
Other electrostriction coefficients could be obtained from piezoelectric strain coefficients 
sed ˆˆˆ ⋅=  using piezoelectric strain coefficients eˆ  calculated for BaO films in [34]. They are 
summarized in the Tab.S1. 
Table. S1 
Misfit strain (%)  Piezo-
strain 
(pm/V) 
-2.67 -1.63 1.99 3.03 
d11 - - 79.5 32.2 
d31=d32 -16.3 -33.4 - - 
d12 - - 78.1 32.9 
d13 - - -116.2 -47.0 
d33 38.2 75.9 - - 
d24=d15 -8.6 -5.0 - - 
d35 - - -1.5 -4.15 
d26 - - 416.9 157.2 
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So, using the relationships for tetragonal phase 31233031 2 PQd εε= , 31133033 2 PQd εε=  and polarization 
and dielectric permittivity calculated by Bousquet et al. one could estimate electrostriction coefficients 
for BaO as ( )26.019.012 −−≈Q m4/C2, 59.045.011 −≈Q m4/C2. The discrepancy is related to the 
different sets of piezoelectric constants related to misfit strains -2.67 % and -1.63 %. Note, that 
independent data on dielectric permittivity dependence on misfit strain gives 22.012 −≈Q m4/C2. Also 
the obtained electrostriction coefficients are consistent with tetragonality dependence on misfit strain, 
calculated by Bousquet et al.29 
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